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Thermoelectric measurement of the dimensionless zT parameter requires multiple physical quan-
tities to be measured, therefore there is great interest to find an experimental setup capable of
measuring all these properties at once. Previous works on impedance spectroscopy have shown
promising results in this direction, however, this technique does not lead to a complete characteri-
zation of the thermoelectric system without additional measurement. In order to extend impedance
spectroscopy, we have investigated the measurement of the non-linear harmonic response of a Peltier
device. The experiments are analyzed using an analytic model obtained by solving the heat equation
in the frequency regime. Our work shows that fitting the experimental response of the system in the
harmonic regime can leads to a complete characterization of the thermoelectric properties without
the need of additional measurement.
I. INTRODUCTION
Thermoelectric materials are ideal to develop energy
harvesting and cooling systems without any mechanical
moving part. The performance of a thermoelectric ma-
terial or system depends on its figure of merit (zT ). The
higher the zT , the more efficient the material is and the
better the system will perform.[1] As the zT is a com-
bination of three intrinsic properties ( zT = α2Tσ/κ),
complete characterization of thermoelectric materials or
systems requires more than extracting the figure of merit.
Individual measurement of thermal conductivity κ, See-
beck coefficient α and electrical conductivity σ are then
needed. This usually requires the use of several experi-
mental setups with different boundary conditions in order
to measure all physical properties, increasing the com-
plexity for accurate thermoelectric measurements.
The most used technique to study thermoelectric ma-
terials is the Harman method [2], which allows simul-
taneous measurement of both the zT and the electrical
resistivity. The difference between thermal and electri-
cal time constants is at the core of this method in which
the electrical response of the system is investigated in
the time domain. However, the Seebeck coefficient and
the thermal conductivity cannot be extracted from this
technique.
The existence of distinct thermal and electrical time
constants can also be investigated in the frequency do-
main using impedance spectroscopy. Impedance spec-
troscopy is not a well known technique for thermoelectric
measurement. It is however, widely used in other scien-
tific domains [3]. In the framework of the linear response
theory, the impedance spectroscopy measurements con-
sist of measuring the in-phase and out-of-phase AC volt-
age responses to a small AC excitation current as func-
tion of the frequency. The impedance spectrum of a ther-
moelectric sample is characterized by a cutoff frequency
corresponding to the time constant of the thermal dif-
fusion across the system. At low frequency, below the
thermal cutoff frequency, the response is the sum of the
ohmic and thermoelectric responses. At high frequency,
above the cutoff frequency, the response reduces to the
pure ohmic contribution. One particular advantage of
impedance spectroscopy for thermoelectric measurement
when compared to other methods is that there is no need
to apply any thermal gradient during the measurement.
Recent works on impedance spectroscopy have shown
that this is a powerful technique to characterize thermo-
electric systems. The first attempt in 2002 by Dilhaire
et al. [4] showed that all physical properties (Seebeck co-
efficient, electric conductivity, thermal conductivity and
figure of merit) can be extracted from one single linear
impedance spectroscopy measurement on a PN thermo-
electric junction if the thermal heat capacity have been
previously measured. In their work an analytic model of
the system, obtained by solving the heat equation in the
harmonic regime with the quadripole method, was used
to fit the impedance spectrum and to extract the desired
physical properties.
The impedance spectra can also be fitted with equiva-
lent electrical circuits models (based on the low frequency
asymptotic behavior).[5, 6] The latter method allows a
simpler analysis, however only few parameters can be ex-
tracted compare to the use of the analytic model (ohmic
resistance, figure of merit and thermal time constant are
obtained).
Impedance spectroscopy can also be used to investigate
the presence of thermal contacts, heat loss by convection
and heat transfer at the boundaries. [7–11] This gives an-
other advantage for impedance spectroscopy as it allows
to study how the system will interact with the hot and
cold sources which are known to impact the performance
of the system. [12]
Linear impedance spectroscopy is a powerful tool to
characterize thermoelectric systems, an accuracy close to
1% [13] for the determination of the figure of merit (zT )
2and the ohmic resistance (R) can be obtained. There-
fore, it can be used for a precise evaluation (with a bet-
ter accuracy than the Harman method) of the figure
of merit of both a single material and a Peltier mod-
ule in a wide range of temperature.[14–16] However, the
linear response cannot give a complete characterization
of the system without additional measurement, it suf-
fers from the same limitation as those of the Harman
method. Thermal conductivity and Seebeck coefficient
extraction are still lacking without additional measure-
ment. To overcome this limitation, we propose the use
of non-linearity which is directly related to irreversibility
in the system. The non-linearity of a thermoelectric sys-
tem during impedance spectroscopy measurement leads
to the presence of additional harmonics in the response.
[17]
In this work, we describe the use of nonlinear
impedance spectroscopy to separate each component of
the zT parameter and obtain a complete characteriza-
tion of a thermoelectric system with a single experimen-
tal setup. The article is organized as follows. At first,
the description of the origin of the DC response, the first
and the second harmonic response of a thermoelectric
system submitted to a periodic excitation is given. Then
by solving the heat equation for the unileg system in
the frequency domain with nonlinear effect and isother-
mal boundary conditions an analytic solution is derived,
assuming a temperature independence of thermoelectric
properties. The equivalent circuit model is derived from
asymptotic behavior of the analytic model and used to
fit the out-of-phase component of the impedance spec-
tra for both first and second harmonics. To go beyond
the approximation of temperature independence of ther-
moelectric properties we calculate the amplitude of the
second harmonic response in the quasi static regime with
temperature dependence of physical properties. It fol-
lows the presentation of experimental results which is di-
vided in three parts. At first we present an experimental
comparison between the adiabatic measurement, which is
the classic configuration and the isotherm configuration,
needed for non-linear measurement. In a second part,
we show the measurement of the amplitude of the DC
response of the system under harmonic excitation. This
measurement, when combined with the linear measure-
ment allows a complete characterization of the system.
The last experimental result that we present here is the
measurement of the second harmonic response as a func-
tion of the frequency, which gives additional information
about the derivative of the impedance of the system as
function of the temperature Finally we present the ver-
ification of the Kramers-Kronig relations for the second
harmonic impedance spectra to show the consistency of
the measured spectra.
II. THERMAL AND ELECTRICAL RESPONSE
OF A PELTIER MODULE UNDER AC
EXCITATION
In a general scheme, a Peltier module is composed of
several junctions constructed with N and P materials
electrically associated in series and thermally in paral-
lel. The description of the module then reduces as a
one-dimensional model equivalent to a single unileg sys-
tem as shown in fig. 1. This unileg system is composed
of a single thermoelectric element inserted between two
electrical contacts and two thermal contacts.
FIG. 1: Schematic view of a Peltier module and the
associated one-dimensional model (unileg system). The
unileg system is composed of one thermoelectric
element, two electrical and two thermal contacts.
For the sake of simplicity in this model, the thermal
influence of the electrical contacts is neglected as they can
be considered thin and highly conductive as compared to
the thermoelectric materials. We assume that material
properties are temperature independent, neglecting the
Thomson effect, as the variation of the temperature in
the system remains small. Under these assumptions, the
heat equation is expressed by:
cρ
∂T
∂t
(x) = κ
∂2T
∂x2
(x) +
J2
σ
(1)
Where T is the temperature, J the current density,
c is the massic heat capacity, ρ is the volumic mass, κ
the thermal conductivity, and σ the electrical conduc-
tivity. The heat equation is composed of three terms.
The first term (in the left member) corresponds to the
heat capacity of the material. The second term is the
heat transported through conduction and the third term
comes from the Joule effect. Two thermal sources are
considered: the Joule effect that appears in the heat
equation as J
2
σ
, and the Peltier effect that appears in
the boundary conditions. The excitation of the system is
driven by the AC current excitation express as Eq. (2)
with ω = 2pif the angular frequency (f is the frequency
in Hz).
3J(t) =
J0
2
(ejωt + e−jωt)
(2)
T (x, ω) = TDC(x, ω) + T1(x, ω)e
jωt + T1(x, ω)e
−jωt
+T2(x, ω)e
2jωt + T2(x, ω)e
−2jωt
(3)
In order to solve the Eq. (1), under this conditions,
it is possible to take advantage of the harmonic de-
composition presented in Eq. (3), where the DC term,
the first and the second harmonics of the temperature,
given by TDC(x, ω), T1(x, ω) and T2(x, ω) respectively,
are functions of the position x and the angular frequency
ω. T1(x, ω) and T2(x, ω) are the complex conjugate of
T1(x, ω) and T2(x, ω) respectively. The heat equation
decomposition then gives:
0 = κ
∂2TDC
∂x2
(x, ω) +
J2
0
2σ
ρcωT1(x, ω) = κ
∂2T1
∂x2
(x, ω)
2ρcωT2(x, ω) = κ
∂2T2
∂x2
(x, ω) +
J2
0
2σ
(4)
Solution for TDC(x, ω), T1(x, ω) and T2(x, ω) are given
in Eq. (5).
TDC(x, ω) = aDC(ω) + bDC(ω)x− J
2
0
x2
4σκ
T1(x, ω) = a1(ω)sh(q1x) + b1(ω)ch(q1x)
T2(x, ω) = a2(ω)sh(q2x) + b2(ω)ch(q2x) +
J2
0
4jσρcω
q1 =
√
jρcω
κ
, q2 =
√
2
√
jρcω
κ
(5)
Where aDC(ω), bDC(ω), a1(ω), b1(ω), a2(ω) and b2(ω)
have the dimension of a temperature and are obtained
by considering boundary conditions on the temperature.
q1 and q2 are thermal wavenumbers. The Joule effect
being non-linear, it depends on the square of the cur-
rent density. Therefore, the associated thermal response
in the harmonic regime will arise at twice the frequency
of the current excitation. The Peltier effect gives the
quantity of the heat absorbed or released at the interface
between two materials when a current crosses the inter-
face: Q = ∆αTI. Where ∆α is the difference of Seebeck
coefficients between the two materials, I is the electri-
cal current and T the temperature of the junction. The
Peltier effect need to be considered for the computation
of the boundary condition on the temperature.
The voltage response of the system to the current ex-
citation is composed of a pure electrical term (the ohmic
response Vohm = RI) and the thermoelectric response
(Vte = ∆α∆T ). ∆T is the difference of temperature be-
tween the hot and cold junctions. The overall voltage
response is the product of the total impedance by the
flowing current: Vte+Vohm = ZI. The harmonic decom-
position of the impedance Z is given by the DC, the first
and the second-order terms given in Eq. (6) as functions
of the DC, first and second order temperature response,
respectively.
ZDC =
∆α∆TDC
I
Z1 = R+
∆α∆T1
I
Z2 =
∆α∆T2
I
(6)
Previous works on Peltier module characterization
with impedance spectroscopy were mostly performed in
adiabatic conditions. [5, 8, 9, 13] In this configuration,
the sum of the thermal sources is zero. The heating at one
junction is canceled by the cooling at the other junction.
The total heat brought into the system by the Peltier
effect is zero allowing to consider steady state solution
in adiabatic condition. However, since the Joule effect
is always positive, the heat transfer with a thermostat
must be considered for a steady state solution of the tem-
perature. This is the case for a system under isotherm
boundary condition.
III. LINEAR IMPEDANCE SPECTROSCOPY
RESPONSE
A. Linear adiabatic case.
The linear response of a Peltier module under adia-
batic condition has already been obtained (for example
in [18]) based on the resolution of the heat equation in the
frequency domain. In the linear approximation, only the
thermal response at the excitation frequency (f) is con-
sidered (VDC = 0 and V2 = 0. In this case, the impedance
(Z = Z1) is given by Eq.(7).
Z(ω) = R
(
1 +
zT
Fa(ω)
)
Fa(ω) =
√
jω
ωt
coth
(√
jω
ωt
)
+
A
2
√
jω
ωc
th
(√
jω
ωc
)
(7)
The impedance depends on a dimensionless number
(Fa(ω)), the figure of merit (zT ) and the electric re-
sistance of the system (R). The dimensionless number
(Fa(ω)) is a function of ωt, ωc and A. ωt is the charac-
teristic angular frequency related to the thermal diffusion
in the thermoelectric material. ωc is the characteristic
angular frequency related to the thermal diffusion in the
thermal contacts. A is a dimensionless number related to
4the ratio of the thermal conductance in the contact di-
vided by the thermal conductance in the thermoelectric
material.
zT =
σα2T0
κt
, R =
Lt
σS
, A =
Kc
Kt
=
κcLt
κtLc
ωt =
4κt
ρtctL2t
, ωc =
κc
ρcccL2c
(8)
All five parameters given in Eq. (8) are extracted when
the experimental data are fitted with the analytic model.
Note that A = Kc
Kt
plays an important role in the evalua-
tion of the maximum power of a thermoelectric generator,
as shown by Apertet et al. [12]. The fitting parameters
are functions of the thermoelectric system section (S),
the thermoelectric element length (Lt), the thermal con-
tact length (Lc) and thermal and electrical properties of
both the thermal contacts and the thermoelectric mate-
rials.
B. Linear isotherm case
The Impedance spectrum of a Peltier module when
one side is in direct contact with a thermostat and one
side in adiabatic condition is given by Eq. (9). This
analytic solution is obtained when the thermal contact
between the thermoelectric material and the thermostat
is neglected.
Z1 = R
(
1 +
zT
Fi(ω)
)
Fi(ω) =
√
j4ω
ωt
coth
(√
j4ω
ωt
)
+A
√
jω
ωc
th
(√
jω
ωc
)
(9)
Adiabatic and isotherm conditions lead to different
spectra (a discusion of the difference between both ther-
mal conditions can be found in [14]). The transition from
one condition to the other leads to a variation of the cut
off frequency which is the results of the perturbation of
thermal behavior of the system due to the contact with
a thermostat.
At low frequencies, both adiabatic and isotherm mea-
surements can be approximated by an equivalent circuit
model obtained from the asymptotic behavior of the an-
alytic model given in Eq. (7) and (9). In table I, we
compare the characteristic time in both cases. With a
RC model, only three quantities can be extracted from
the fit, the ohmic resistance R, the figure of merit zT and
a characteristic time τ . The characteristic time (τ) of the
RC model is a function of ωt, ωc and A from the analytic
model. The reduction from the analytic to the RC model
is obtained by computing the asymptotic behavior of the
analytic model at low frequency. In isotherm condition
the characteristic time is identical to the characteristic
time of an equivalent system in adiabatic condition with
a thermoelectric length equal to the double of the ther-
moelectric length in the system in adiabatic condition
(τiso(Lt) = τadia(2Lt)).
RC model Heat equation
Impedance (Z) R
(
1 +
zT
1+jωτ
)
solution
Adiabatic τadia =
1
3ωt
+
A
2ωc
Eq. (7)
Isotherm τiso =
4
3ωt
+
A
ωc
Eq. (9)
TABLE I: Low-frequency asymptotic behavior of the
impedance for the adiabatic and the isotherm cases.
Comparison between linear adiabatic and isotherm
case allows to verify the consistency of our model and
the possibility to measure both the linear and non-linear
response under the same experimental condition.
IV. NON LINEAR RESPONSE
Non-linearity comes from two effects: the Joule effect
and the Peltier effect. The Peltier effect induces heat-
ing or cooling given by Q = ∆αIT . In the linear ap-
proximation, the temperature of the junction is approx-
imated by the thermostat temperature T0 which gives a
linear Peltier response of Q1 = ∆αIT0. The second-order
Peltier effect is given by Q2 = ∆αIT1(Lt), where T1(Lt)
is the first-order temperature response at the junction.
To study the effect of non-linearity, we consider the
case of a unileg system under isotherm condition where
the bottom contact is neglected (no thermal resistance
between the Peltier module and the thermostat). The
second-order thermal response is composed of Joule
(∆T2J) and second-order Peltier (∆T2J). The analytic
solution of both these effects is given in Eq. (10). Both
nonlinear Peltier and Joule responses depend on F (ω)
and G(ω) functions as defined in Eq. (10).
∆T2P =
α2I2T0
2F (ω)F (2ω)K2t
∆T2J =
RI2
Kt
G(2ω)
2F (2ω)
F (ω) =
√
j4ω
ωt
coth
(√
j4ω
ωt
)
+A
√
jω
ωc
th
(√
jω
ωc
)
G(ω) =
ch
(√
j4ω
ωt
)
− 1√
j4ω
ωt
sh
(√
j4ω
ωt
)
(10)
The second-order impedance is given in Eq. (11) fol-
lowing the same definition for F (ω) and G(ω).
5Z2 =
α (∆T2P +∆T2J)
I
Z2 =
αRI
2KtF (2ω)
(
G(2ω) +
zT
F (ω)
)
(11)
The high-frequency limit of the second-order
impedance is zero. The low-frequency response is
the sum of the stationary solution for the Joule and the
second-order Peltier effects (αRI(1 + 2zT )/(4Kt)). The
analytic solution given in Eq. (11) can be approximated
by an equivalent circuit model at low frequencies based
on the low frequency asymptotic behavior of the analytic
model. The equivalent RC model then reads :
Z2 =
(1 + 2zT )αRI
4Kt (1 + jωτ2)
(12)
The non-linear effects also appears as a DC response
when the system is under AC excitation. The DC re-
sponse (ZDC in Eq. 13) is similar to the 2f response (Z2
in Eq. 11) with one contribution from Joule effect and
one contribution from the non linear Peltier effect. The
main difference is that the amplitude the Joule part of
the response will be independent of the excitation fre-
quency. In this model the high frequency DC impedance
is given by equation (14) as the results of the Joule effect
alone.
ZDC =
αRI
2Kt
(
1
2
+Re
[
zT
F (ω)
])
(13)
ZDC f→∞ =
αRI
4Kt
(14)
FIG. 2: Linear and nonlinear contributions of the
thermoelectric response to an harmonic excitation.
The interest in the non linear measurement comes from
the ability to extract additional informations about the
system if the DC and the second harmonic are measured.
In Fig. 2, the quantities extracted by fitting the exper-
imental result with the model are shown. This method
gives a complete characterization of the thermoelectric
system since all thermoelectric properties (α, κ, σ and
zT ) can be extracted. However, this result is invalid if
the temperature dependence of material properties can-
not be neglected as demonstrated in the following section.
V. QUASI STATIC RESPONSE WITH
TEMPERATURE DEPENDENT PROPERTIES.
In order to evaluate the effect of temperature depen-
dence of material properties, the second harmonic of the
impedance is computed in the quasi static regime. In
general the influence of temperature dependence of phys-
ical properties are non longer negligible in the non-linear
response. The current excitation is given by Eq. (15)
which is equivalent to the current density given in Eq.
(2).
I(t) = I1cos(ωt) (15)
Besides, since in the approximation of non-linear re-
sponse, only the DC, the first and the second harmonic
responses are considered, the temperature and the volt-
age responses are given by Eq. (16) in the quasi static
regime.
T (t) = T0 + TDC(x) + T1(x)cos(ωt) + T2(x)cos(2ωt)
V (t) = ZDCI + Z1Icos(ωt) + Z2Icos(2ωt)
(16)
The solution for TDC(x), T1(x) and T2(x) can be com-
puted by solving the heat equation in the quasi static
regime. Thermoelectric properties are temperature de-
pendent and in the approximation of small tempera-
ture variations the properties of the system are given by
Eq. (17) with R′(T0) =
∂R
∂T
(T0), α
′(T0) =
∂α
∂T
(T0) and
K ′(T0) =
∂K
∂T
(T0)
R(t) = R(T0) + (T (t)− T0)R′(T0)
α(t) = α(T0) + (T (t)− T0)α′(T0)
K(t) = K(T0) + (T (t)− T0)K ′(T0) (17)
The voltage response is obtained from the temperature
response (Eq. (18)).
V = R(T (t))I(t) + α(T (Lt))∆T (t) (18)
The linear voltage response is given by Vlin = Z1I,
where this notation takes into account the linear ohmic
and thermoelectric responses. The non-linear effect arises
from two different sources: the variation of the thermo-
electric properties with the temperature and the Joule
heating. The variation of the thermoelectric properties
with the temperature can be described for small tem-
perature variations by a first order Taylor expansion of
the impedance Z1. The Joule effect describes a heating
source of QJ = RI
2 in a system with an electrical resis-
tance R. In a system with an impedance Z, this heating
source is given by the generalized Joule effect Q = ZI2.
V = Z1I + Z
′
1
〈∆T 〉I + αZ1I
2
2K
, (19)
6where Z1 is the linear impedance and Z
′
1
is the partial
derivative of the linear impedance with respect to the
temperature at the temperature T0 of the thermostat.
The total impedance in static condition is given by the
sum of three terms: the linear part, the first-order Taylor
expansion and the generalized Joule effect.
Z1 = R+
α2T0
K
Z ′1 = R
′ +
α2
K
+
2α′αT0
K
− α
2T0K
′
K2
(20)
The temperature difference ∆T can be approximated
by the contribution of the Peltier effect (∆T = αTI
K
) if we
are close to the linear regime. The average temperature
difference 〈∆T 〉 equals half the temperature difference
αTI2
2K
. The Eq. (21) gives the voltage response in the
static regime, the quasi static regime is obtained when
an alternative current given by Eq. (15) is injected in
Eq. (21).
V = Z1I + Z
′
1
αTI2
2K
+
αZ1I
2
2K
(21)
The second harmonic voltage in then given by Eq.
(22), it is proportional to the derivative of Z1T with re-
spect to the temperature.
V2 =
αI2
4K
(Z1 + Z
′
1
T0) =
αI2
4K
∂ (Z1T )
∂T
(22)
The second harmonic voltage written as a function of
the systems properties (R, K, α) and their derivative
with respect to the temperature (R′, K ′, α′) is given
in Eq. (23) where z = α
2
RK
. Eq. (23) gives the low-
frequency limits (ω = 0) of Eq. (12) when R′ = 0,K ′ = 0
and α′ = 0 (temperature independent properties).
V2 =
αI2R
4K
(1 + 2zT0 +
R′
R
T0+
2
α′
α
zT 2
0
− K
′
K
zT 2
0
) (23)
For conventional materials, R
′
R
, K
′
K
and α
′
α
are on the
order of magnitude of one percent [19]. Therefore, in the
second harmonic response, the influence of temperature
dependence of material properties cannot be neglected.
From equation (23) we can deduce that if K
′
K
T0 ≪ 1,
R′
R
T0 ≪ 1 and α′α T0 ≪ 1 the system can be approximate
as a system with temperature independent properties.
VI. EXPERIMENTAL RESULTS
Analysis of both linear and nonlinear effects was per-
formed on a commercial mini Peltier module (03201-
9U30-08RA) from Custom Thermoelectric. Our non-
linear model was used to go beyond the results obtain
based on the linear impedance spectroscopy measure-
ment. The DC measurement was performed with an os-
cilloscope and a Keithley 6221. The impedance response
at 1f and 2f of a thermoelectric module was obtained
with a DSP lock-in amplifier (model 7230 from AME-
TEK) with an AC current source of 15 mARMS . This
apparatus allows the simultaneous measurement of the
first and second harmonics.
A. First harmonic response
The imaginary part of the impedance (Y = Im(Z)) is
plotted in Fig. 3 in both the adiabatic and the isotherm
cases. The adiabatic case is obtained when the Peltier
is suspended by its contact wire. In isotherm condition
the Peltier module is in contact with a steel plate that
act as a thermostat. A good thermal contact is obtain
with thermal grease. A frequency shift is expected with
a higher characteristic frequency for the adiabatic case.
Indeed, this behavior is observed with a characteristic
frequency of 70 mHz in the adiabatic case and of 37 mHz
in the isotherm case. However, the adiabatic character-
istic time multiplied by two (2 × 14.5 = 29s) is higher
than the characteristic time in the isotherm case (27s).
This is not expected according to the theoretical values
of the characteristic times given in Table I.
10−2 10−1 100 101
Frequency (Hz)
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
-Y
 (Ω
)
First harmonic
-Y1 adiabatic
-Y1 isotherm
FIG. 3: The plot of the measured imaginary part of the
impedance as a function of the frequency. The adiabatic
case is plotted in blue and the isotherm case in red.
Both measurements were fitted with an equivalent
circuit model and their associated fit is plotted as
straight lines. A frequency shift is clearly visible with a
lower characteristic frequency for the isotherm case.
This inconstancy finds its origin in the asymmetry of
the Peltier module. When measured in an adiabatic con-
dition, the measured characteristic frequency is a com-
bination of both top and bottom thermal contacts and
of the thermoelectric material characteristic frequencies.
However, under isotherm condition, only the thermoelec-
tric material and the thermal contact which is not in
contact with the thermostat influence the characteristic
7frequency. When the system is measured under isotherm
condition with the second thermal contact as the contact
between the system and the thermostat, a characteristic
frequency of 33 mHz is obtained corresponding to a char-
acteristic time of 30s. These results evidence the key role
of the asymmetry of the system.
The first harmonic measurement gives an ohmic resis-
tance of 4.9Ω and a figure of merit of 0.72 with a dif-
ference of 1% and 3% respectively between the adiabatic
and isotherm case. These results are consistent with the
properties of the measured system with a significant in-
crease (+13%) of the electrical resistivity (from 4.3Ω to
4.9Ω) as a function of time which is due to the aging of
the system.
B. Non-linear high-frequency DC response
As the origin of the high frequency DC response is
the Joule effect alone, it remains unchanged even in the
case where the approximation of temperature invariant
properties is no longer valid. By associating the figure
of merit and the ohmic resistance measurement from the
linear impedance spectroscopy with the measurement of
αR
4K
from DC voltage measurement as a function of the AC
current amplitude at high frequency, all thermoelectric
properties can be extracted. The model for the high-
frequency DC impedance response is given in Eq. (14).
The DC voltage is deduce from the DC impedance with
VDC = ZDCI
0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
IAC (A)
0.000
0.002
0.004
0.006
0.008
V D
C
 (V
)
DC Voltage
FIG. 4: DC voltage response as a function of the AC
current amplitude and the second-order polynomial fit.
A 1kHz AC current excitation in the range of 20 mA
to 100 mA is obtain with a Keithley 6221. A simple low
pass filter is used to isolate the DC voltage which is mea-
sured. The fit of the measured DC voltage as a function
of the AC current amplitude by a second order polynome
(shown in Fig 4) gives the value of αR
4K
= 0.91ΩA−1
From the first harmonic response and the DC response,
the Seebeck coefficient of the system is αPeltier = 16
mV.K−1 and the thermal conductance is Kt = 21
mWK−1. The Peltier device is composed of 64 ther-
moelectric legs. Individual legs are 1.1 mm in height and
have a section of 0.17 mm2. By taking into account the
geometry of the device, the properties of the average ma-
terial that compose the thermoelectric legs can be com-
puted. The average calculated Seebeck coefficient from
experimental results of P and the N material is α = 250
µV K−1. The average thermal conductivity and the av-
erage electrical conductivity are κ = 2.1 WK−1m−1 and
σ = 8.2 104S.m−1, respectively. The measured thermo-
electric properties are similar with measurement ([14]) of
this material (Bi2Te3) at room temperature.
C. Second harmonic response
The experimental results of the second harmonic re-
sponse and the associated fit are plotted in Fig. (5). The
fit of the second-order response gives a characteristic fre-
quency of 15 mHz and a low frequency limit for the sec-
ond harmonic impedance of Z2 f→0 = 97 mΩ. Z2 f→0 is
the quasi static impedance defined as V2/I with V2 given
in Eq. (23).
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FIG. 5: Imaginary part of the second-order impedance
as a function of the frequency and the fit with an
equivalent circuit model.
The second harmonic voltage given in Eq. (23) is writ-
ten as a sum of five terms. The term αI
2R
4K
is the results
of the Joule effect. The term αI
2RzT0
K
is the results of the
non linear Peltier effect. The other terms are the results
of the temperature dependence of thermoelectric proper-
ties (K, R, α). From our experimental results, we deduce
that the Joule effect gives 20% of the second harmonic re-
sponse and the temperature dependence of the properties
gives 47% of the second harmonic response. This shows
that the Joule effect is not the preponderant non-linear
effect on the second harmonic response and the influence
of the temperature dependence of the system properties
plays an important role in the second harmonic response
described in section V.
8VII. KRAMERS-KRONIG RELATIONS
Kramers-Kronig relations are used to assess the con-
sistency of experimental data of impedance spectroscopy
measurements and to insure that the measured spectra
is the consequence of the excitation. [20, 21] Kramers-
Kronig relations between the real part (X) and the imag-
inary part (Y ) of the impedance are given in Eq. (24).
X(ω)−X(0) = 2ω
pi
∫
∞
0
(ω/x)Y (x) − Y (ω)
x2 − ω2 dx
Y (ω) =
2ω
pi
∫
∞
0
X(x)−X(ω)
x2 − ω2 dx (24)
This analysis is usually performed on linear systems,
however it can be extended to non-linear systems. [22]
Each harmonic of the response should respect Kramer
Kronig relations. In our case we have verified these re-
lations for the first and the second-order terms of the
impedance of the system.
In order to obtain a good numerical integration from
zero to the infinity, a wide frequency range is required.
Experimental data are only available on a restricted fre-
quency range. Therefore, experimental data were ex-
tended with data calculated from the fit of the measured
data with an equivalent circuit model. From experimen-
tal and extended data, a numerical integration is used
to calculate a new set of X and Y with Kramers-Kronig
relations.
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FIG. 6: Nyquist plot of the second order impedance for
the measured data (circles) and the calculated data
from the Kramers-Kronig relation (crosses).
In Fig. 6 experimental and calculated values of the
impedance in a Nyquist plot are shown. The normalized
deviation between experimental and calculated values for
the first and second harmonic is lower than 4%. This
shows that the relation between the real and imaginary
part of first and second order impedance of a thermoelec-
tric system follows Kramers-Kronig relations. The good
agreement of our measured spectra with respect to the
Kramers-Kronig relations allows to validate the consis-
tency of the measured spectra.
VIII. CONCLUSION
Impedance spectroscopy is a promising technique to
characterize thermoelectric systems. By separating the
thermal and the electrical responses in the frequency do-
main, impedance spectroscopy measurement provides all
key parameters to characterize thermoelectric systems.
The electric resistance and the zT are easily extracted
with linear impedance spectroscopy. However, a com-
plete characterization is not possible without additional
measurement. In this work, we have investigated the
nonlinear response by taking into account the Joule heat-
ing and nonlinear Peltier effects. Nonlinear effect implies
the appearance of higher harmonics in the impedance re-
sponse. In our example, we studied the DC response,
the first and the second harmonic responses. The second
harmonic response is the sum of different non-linear ef-
fects. Our results show that the Joule effect is not the
preponderant non-linear effect, as it only contributes to
20% of the total second harmonic response.
The association of the DC and the linear impedance
measurements allows a complete characterization of the
thermoelectric system. The results of our work show the
interest to consider the nonlinear response of the sys-
tem during impedance spectroscopy measurement, and
the use of it as a standalone technique for complete char-
acterization (zT, α, κ, σ) of thermoelectric system.
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